Self-Destructing Dark Matter (SDDM) is a class of dark sector models in which the collision of a dark sector particle with the earth induces its prompt decay into Standard Model particles, generating unique signals at neutrino detectors. The inherent fragility of SDDM makes its survival from the early universe unlikely, implying a late time production mechanism. We present an efficient late time production mechanism for SDDM based on atomic rearrangement, the mechanism responsible for muon or anti-proton capture in hydrogen. In this model, an atomic rearrangement process occurs in our galaxy, converting dark atoms into highly excited bound states -our SDDM candidates. While the resulting SDDM is only a small fraction of the dark matter flux, its striking self-destruction signals imply a significant discovery reach in the existing data from the Super-Kamiokande experiment.
I. INTRODUCTION
The nature of dark matter (DM), which makes up 75% of the matter density in the universe, is still an open question. In the past two decades, direct searches for DM have been guided by the Weakly Interacting Massive Particle (WIMP) paradigm, in which DM is a single particle that interacts weakly with Standard Model (SM). Following the stringent bounds on this scenario from direct and indirect detection, much of the experimental and theoretical focus has recently shifted from WIMP candidates to more broad dark sectors, potentially including sub-GeV DM.
A common thread in DM searches is the direct detection of nuclear or electron recoils from their elastic collisions with incoming DM particles [1] . Searches for WIMP-nucleon recoils have been conducted in the Xenon1T [2] , LUX [3] , PandaX-II [4] , and CRESST-II [5] detectors, to name a few. The current leading bound on spin-independent WIMP-nucleon elastic scattering was set by the Xenon1T detector, with a minimum of σ = 4.1 × 10 −47 cm 2 at 30 GeV. The limit was set after 278.8 days of data collection, with a fiducial detector volume of 2 tons filled with radio-pure liquid xenon.
In comparison, the fiducial volume of the Super-Kamiokande (Super-K) neutrino detector is 50,000 tons of ultra-pure water [6] , and so it is tempting to try and harness its large volume to search for DM. Unfortunately, neutrino detectors like Super-K have O(MeV) thresholds, far above the typical DM-nucleon recoil energy of
where v DM,gal ∼ 10 −3 c and r = 4m DM m N /(m DM + m N ) 2 is the efficiency factor of the collision, which peaks for * mic.geller@gmail.com † t10ofrit@gmail.com m DM = m N 1 . A caveat to the above no-go argument is self destructing dark matter (SDDM), first introduced in [12] . In essence, SDDM is a meta-stable state in the dark sector, whose interaction with the earth or with particle detectors can induce its decay. As a result, all of the rest mass of the SDDM is converted to a detectable signal, with an energy c 2 /v 2 DM ∼ 10 6 higher than a typical nuclear recoil signal. This allows for the novel use of high-threshold, large neutrino detectors in the search for this DM candidate. The resulting extraordinary signal -four jets or two simultaneous, highly energetic lepton pairs within the detector -would be a smoking gun for DM self-destruction. The signals of SDDM are very different from those of other DM models that can be probed at neutrino detectors [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] .
The meta-stability of SDDM, together with its inherent tendency to decay upon scattering, make its early universe production challenging. This was addressed in [12] by suggesting that SDDM could be produced via late time processes in the galaxy. In this work we present a concrete mechanism for the late time production of SDDM out of partially atomic DM. Strikingly, even though SDDM composes only an extremely small fraction of the DM, it can already be discovered in existing neutrino detectors such as Super-Kamiokande.
Our late time SDDM production mechanism is based on the process of atomic rearrangement, analogous to cosmic ray muon capture in hydrogen. This process, first explored by Fermi and Teller in 1947 ([23] see also [24] [25] [26] [27] [28] [29] ), involves a negative muon and a hydrogen atom rearranging into muonic hydrogen and a free electron. Remarkably, the typical cross section for this process is the geometric size of the hydrogen atom -much larger than the size of the (µp) system. This is an indication that the electron serves as a catalyst for the process. Due to 1 For m DM m N ∼ 1 GeV, nuclear recoils are an inefficient way to look for DM, and so electron recoils are used instead [7] [8] [9] [10] [11] . The typical electron recoil energy is O(eV).
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the large impact parameter of the muon and the proton, the resulting muonic hydrogen is formed at an extremely excited state, both in energy and in angular momentum.
We utilize this mechanism in our model by considering a dark sector with heavy X and light fermions, charged under a dark U (1). In the galaxy, (X ) atoms are formed, and together withX are rearranged into highly excited (XX) states -our SDDM. These excited (XX) states are protected from self-annihilation by their high angular momentum, and from spontaneous emission by a small dark photon mass.
When incident upon the earth, the (XX) exhibit a typical SDDM phenomenology: they can collide with the nucleus through the dark photon portal and undergo a radiative transition to an unstable, low angular momentum state. Subsequently, they self-annihilate into two or more dark photons, leading to potential striking signals such as two simultaneous lepton or jet pairs in the detector.
The outline of the paper is as follows. In section II we review the physics of atomic rearrangement. In section III we present the main ingredients of a dark sector that incorporates the galactic production of SDDM. Next, in section IV we provide a particular implementation of our framework, exploring in section V its early universe and late time dynamics in detail, including the stability of SDDM to self-annihilation, spontaneous emission, collisional de-excitation and inverse rearrangement. In section VI we calculate the discovery reach for our model in the Super-Kamiokande detector, and show how its large fiducial volume allows for a significant discovery reach in the m X − plane.
II. ATOMIC REARRANGEMENT
At the core of our late time production mechanism for SDDM is the process of atomic rearrangement. This simple mechanism plays an elegant role in SM physics, while it remains mostly overlooked in model building beyond the SM (see [29] [30] [31] [32] [33] for implementations of rearrangement in the context of a confining gauge group). Atomic rearrangement was first studied in a pioneering work by Fermi and Teller [23] . In a modern context, rearrangement is what happens when a cosmic µ − , that has already been slowed down, is incident upon a hydrogen atom, leading to the process:
in which the electron is ionized and the muon is captured. This happens when the muon energy is below the binding energy of hydrogen. In [23] , Fermi and Teller found that the cross section for this process is at least geometric,
To understand the significance of this result, note that the cross section for simple recombination
, which is a factor of me mµ 2 smaller than rearrangement. In this way, the electron crucially serves as a catalyst for enhanced muon capture.
The physics responsible for the large rearrangement cross section becomes clear in the semiclassical picture once we consider the wavefunction of the electron in the potential of classical, adiabatically moving proton and muon. In the limit when the proton and muon are far away, the electron is simply in the hydrogen ground state around the proton. Conversely, in the limit of zero distance between the proton and the muon, their charge is completely screened, and so there cannot be any bound state for the electron. Evidently, at some critical radius, the two-center potential from the proton and the muon can no longer sustain an electron bound state. Explicit calculation [23, 24] shows that this critical radius is r c = 0.638 r Bohr .
From this semiclassical intuition we can construct a dynamical picture of the rearrangement process. Any muon incident upon the hydrogen atom with an impact parameter smaller than r c will ionize it. If the initial kinetic energy of the muon is low enough, the ionized electron will carry enough energy such that the remaining proton and muon bind into (p + µ − ), with a cross section which is at least geometric. In practice, for slow enough muons, the capture happens even at much larger impact parameters due to the focusing effect of the induced hydrogen dipole. A detailed calculation of the rearrangement process was presented in [25] as a function of the temperature T , with an anti-proton instead of a muon. There, the cross section was found to be
where E B = 1 2 α 2 m e . The calculation in [25] was semiclassical and adiabatic, in the sense that it assumed a zero kinetic energy for the outgoing electron. There has been a considerable theoretical effort in going beyond this approximation using semi-classical methods [34] [35] [36] [37] as well as fully quantum solutions [38] [39] [40] (For a comprehensive review, see [41] ). These further studies have shown that the actual cross section tends to be up to 50% larger than the adiabatic calculation, and that the typical angular momenta of the outgoing bound state are larger as well. To be conservative, we will use [25] as our reference for the process, keeping in mind that the full analysis only strengthens our results.
In the model for SDDM presented in the next section, a similar rearrangement mechanism happens in the galaxy, with a dark bound state (X ) playing the role of the Hydrogen atom, while a dark fermionX plays the role of the muon/anti-proton. As we demonstrate in Section V C, this process effectively converts any existing (X ) into a free and an XX , which is our SDDM candidate.
III. COSMOLOGICALLY VIABLE SDDM

A. Minimal Components of a Dark Sector with Self-Destruction
In this paper we seek to realize self-destructing dark matter as a dark positronium-like state, as in [12] . For that we need a symmetric abundance of dark fermions X,X, which can form bound states under a dark U (1) D .
In the next sections we present an efficient mechanism for the creation of these (XX) bound states with particularly high angular momentum (L ∼ 30).
As in [12] , the high-L (XX) are cosmologically stable by virtue of their high angular momentum, i.e. to selfannihilate they need to penetrate through a large centrifugal barrier. Additionally, we will show that these states are stable against de-excitation due to a mass for the binding dark photon A D . When this mass is significantly larger than the energy difference between adjacent energy levels in the (XX) states, the (XX) can only de-excite via highly forbidden transitions, effectively rendering them cosmologically stable.
Next, to allow for the (XX) to self-destruct (transition to a low-L state and self-annihilate) in the detector, we need a mediator, which we take to be a massive dark photon A V mixing with the SM photon. The mediator gives rise to the self-destruction process depicted in Fig. 1 , namely, a stable, high-L (XX) state collides with the SM nucleus through the A V portal, transitioning to an unstable, low-L (XX) state. Subsequently, the unstable (XX) decays to two back-to-back dark photons A V , each one flying a macroscopic distance before decaying to SM jets/lepton pairs through its mixing with the SM.
The essential ingredients for SDDM phenomenology are summarized in the top part of table I. These are the same states that were included in the original SDDM proposal [12] (the motivation for including two X species will be explained in section IV) .
B. Outline of the SDDM Production Mechanism
Our dark sector consists of the essential ingredients of a self-destructing dark sector 2 described in the previous section, namely the fermions X,X and the dark photons A D and A V . Additionally, we include a light fermion , whose role is to catalyze the production of high-L (XX) in the galaxy, as described in Section V C. The overall matter content is detailed in table I.
In this scenario, the universe is initially populated by the photons A V , A D and the fermions X,X, ,¯ . We postulate a primordial asymmetry between X and , whose origin we leave unspecified. As we will see in our concrete model, the X,X freezeout in the early universe and end up with a mostly symmetric relic abundance. In contrast, the lighter fermions annihilate much more efficiently, and so below m the¯ population essentially disappears and we are left with an asymmetric abundance of only. In total, the dark sector today contains a subcomponent of X,X and fermions charged under a short range U (1) D interaction (the range of the U (1) V is negligible due to the large mass of A V ). The abundances are dynamically set such that the universe is neutral under the dark U (1) D . Remarkably, these simple components naturally give rise to (XX) SDDM in the following manner:
1. Galactic production of (XX): In the relatively higher density environment of the galaxy, recombination is turned on, followed by atomic rearrangement. This leads to an ongoing formation of (X ) atoms that are later converted to XX by capturing a freeX and emitting an . As we will see in Section V C, the XX is generated in highly excited states with very large angular momentum.
(XX) stability:
The XX are cosmologically stable by virtue of their high angular momentum and the mass of the dark photon. They are mainly destroyed by the inverse process to atomic rearrangement, and their lifetime is found to be comparable to the age of the universe. The XX are constantly produced and destroyed throughout the history of the galaxy, resulting in a small flux of XX through the earth.
FIG. 1. Self-destruction phenomenology. The stable, high-L (XX) state collides with the SM nucleus through the AV portal, transitioning to unstable, low-L (XX). Subsequently, the unstable (XX)self-annihilates into a pair of back-to back AV s, which in turn go to e ± pairs (they can also go to jets).
IV. A CONCRETE MODEL
Here we present a concrete model which implements the cosmological history outlined in the previous section. The matter content of the model is presented in table I.
As can be seen from the table, the heavy fermions X 1,2 and the light fermions are charged under U (1) D , whose photon A D has a O(1−100 keV) mass. This prevents long range interactions in the dark sector (Compton wavelength < nm), but allows for (X i ) and (X iXi ) bound states to form. Additionally, the X 1,2 are charged under a U (1) V mediated by the O(0.1 − 10 GeV) dark photon A V . This heavy photon mixes with the SM photon, and so acts as the portal for direct detection.
We consider two mass degenerate 'flavors' X 1,2 in order to prevent the mixing of U (1) D with U (1) V and U (1) E&M . This sort of mixing would have been in tension with the constraints on the production of s in SN1987a [42] . The mixing is forbidden by a discrete global symmetry acting as X 1 ↔ X 2 , A V → −A V , with the light fermion and the dark photon A D left invariant. We denote this symmetry C ↔ , due to the similarity with charge conjugation. The charges and mass ranges for the different particles are presented in table I.
The mass of the binding dark photon A D has to be light enough to allow (X i ) bound states to form, but heavy enough to forbid the spontaneous de-excitation of high-L (X iXi ),
The upper bound allows the recombination of (X i ) atoms, while the lower bound is from requiring A D to be heavier than several energy splittings of (X iXi ). The exact factor f XX < 1 is calculated in Eq. 23. Throughout most of the text we set
We choose our benchmark mass ratio to be the same as the mass ratio between the SM proton and electron, so that we can easily extrapolate from the SM results forp capture in hydrogen [25] .
and so it does not significantly affect the potential within the (X i ) and (X iXj ) bound states. Instead, the U (1) V photon serves as a mediator for (X iXi ) self-annihilation into the SM. Accordingly,
By virtue of our C ↔ symmetry, there is no loop level generation of a mixing term D F D F V . If this symmetry is broken and the X 1 and X 2 have a small difference in mass δm, then this mixing is generated as D ∼ 2 9π 2 α D α V δm m X . As the the light fermions are in the range of masses that can be produced in core-collapse supernovae, this mixing is severely constrained by the SN1987A cooling constraints. Additionally, if C ↔ is broken, the A V dark photons produced in the self-destruction process have a large probability to decay invisibly to an + − pair, suppressing our direct detection signal. These effects are negligible as long as D V and D V ∼ < 10 −10 , where the discovery reach on V we get is around 10 −6 − 10 −4 . Both conditions hold if δm m X ∼ < 10 −2 .
V. EARLY UNIVERSE AND LATE TIME DYNAMICS
A. The Origin of X, X and We assume that the dark sector is UV-completed such that it is initially in thermal equilibrium with the visible sector after reheating, but decouples from it below the mass m V of the heavy dark photon A V (recall that the binding photon A D does not mix with the SM photon).
The cosmological abundance of is determined by a primordial asymmetry, analogous to the one responsible for baryogenesis in the SM. This asymmetry takes the form:
where s is the entropy density and η is the asymmetry.
We can see that the U (1) D charges are balanced between X 1,2 and , and so there is no charge excess. In the following sections we drop the 1, 2 labels from X, and refer to X 1,2 collectively as X. For a small enough asymmetry η, the symmetric component of Ω X is a simple thermal relic and is given by
This equation holds long as Ω asymm Ω symm , which is the case we consider, and we assume that the two sectors are in thermal equilibrium when X,X freeze out. For the light s, the annihilation is much more efficient, and only the asymmetric component of remains.
Once the temperature drops below the recombination temperature, (X ) atoms are formed. When the (X ) meet a freeX, they can undergo a rearrangement process (X ) +X ↔ (XX) + ,
as we described in detail in the section II. The generated (XX) are highly excited, as we will show, and can potentially de-excite and self-annihilate. We comment on the ensuing early universe dynamics in the next section. Here we simply make sure that it does not lead to a second phase of annihilations [29, 30, 43] which further reduces the symmetric abundance of X,X. This is easily guaranteed by keeping n < H(TBSF) σrearv X , such that
where H(T BSF ) is Hubble at the time of the bound state dynamics. Using the cross section given in Eq. 4, we find the following upper bound on the abundance
Having included light fermions and a light dark photon in our sector, we now turn to the relevant bounds from ∆N eff . Here we assume that A D decays out of equilibrium to light unspecified states which were not previously reheated 4 . At BBN, the number of relativistic degrees of freedom in the dark sector is g D * = 7.5, including the light fermions and the binding dark photon A D . To be consistent with the stringent bounds on ∆N eff from BBN [44] and the CMB [45] , our dark sector has to be colder than the SM at BBN and CMB times. The contribution from the dark sector to ∆N eff is
Assuming that the two sectors decouple above the QCD phase transition, i.e. taking m V > T QCD , we get ∆N eff ∼ 0.41. Such a high value can be motivated by the Hubble tension [45, 46] , as the combined fit of CMB and the local SHOES measurement [46] favors N eff = 3.27 ± 0.15. Should the tension disappear without any change in the CMB analysis we would need to satisfy the CMB+BBN 95% C.L. bound on ∆N eff ∼ < 0.3 which would require T SM /T dark > 2.71. This temperature ratio may be obtained by a late time entropy dump into the SM from a decay of a heavy new particle, after the decoupling of the two sectors and before BBN. We choose to remain agnostic about the exact nature of this late time entropy dump, which is unconstrained by current observations, and is overall orthogonal to our work.
B. Early universe bound state dynamics
Here we briefly review the complex (dark-) recombination dynamics in our model. Dark recombination in our model begins at T D ∼ < T D rec ≡ 1 2 α 2 D m , when (X ) atoms are allowed to form. This triggers a complicated dynamics which involves the following processes:
• Recombination/ionization:
• Atomic rearrangement/inverse rearrangement:
• De-excitation and self-annihilation of (XX)
We leave the study of this complicated early universe dynamics for future work, and instead make the most conservative assumption that no (X ) or (XX) states remain from the early universe, and so the only surviving states are free X,X and . The relic abundances of {X,X, } remain unaffected by this discussion as long as Eq. 12 is satisfied.
C. (XX) production in the galaxy
We've seen above that the early universe abundance of (X ) atoms is set dynamically by a complicated freezout process that involves recombination, atomic rearrangement and its inverse, and de-excitation of (XX). Importantly, due to the low relic abundance of , the abundance of free X,X is not affected by this complicated dynamics. Instead of solving the coupled Boltzmann equations for the (X ) freezout process, we simply make the conservative assumption that all the s in the galaxy start as free, and only later recombine into (X ) atoms.
Before diving into the galactic recombination dynamics, let us comment on the galactic density profiles for our dark sector components. For simplicity we assume in this paper that the galactic density profiles for X,X and follow the NFW profile of [47] , scaled by the appropriate ratio of abundances:
Where n total is the total number of particles, bound and free. We have checked all our results with the Burkert distribution from [47] as well, and found only a weak sensitivity of our results on the assumed profile. Moreover, the NFW profile gives the more conservative results, and so we use it for the calculation of the all the rates. We further assume that the profiles of the produced states -(XX) and (X ) quickly relax to the appropriately scaled profiles. An alternative assumption, that the density of the bound states is governed by local dynamics gives similar results, since the local DM density ρ local 0.3 GeV/cm 3 is close to the rms value of both the Burkert and NFW distributions in [47] . Finally, we checked that the cooling of the species X,X, is inefficient for gravitational collapse, due to the low abundance of the light species [48] . We leave a more detailed analysis of the galactic dynamics in this scenario for future work.
In contrast with the early universe recombination of p and e in the SM, the galactic recombination of (X ) is governed by direct recombination to the ground state. This is because the mean free path for ionization of the outgoing dark photon is larger than the size of the galaxy. Therefore, the production rate for (X ) is given by:
where n free and n X are the number densities of the free and X, and the cross section σ rec for direct recombination was calculated in [49] . We assume that all the s are thermalized so that v = √ r X v gal . To verify this assumption, we estimate the mean free time for the s to thermalize through collisions with X,X as
The resulting time is much shorter than the age of the galaxy for all of our parameter space. In any case, increasing the velocity of s lowers the recombination rate and so Eq. 18 can be seen as a conservative estimate.
The rearrangement cross section can be read directly from Eq. 4 (see also Fig. 2 of [25] ), with the effective "temperature" set to T gal = 1 2 m X v 2 gal = 0.1 E B . Substituting this temperature, we get
The SDDM production rate per volume is then given by dΓ rear dV = r L n (X ) nX σ rear v gal = 3.5 · 10 −26 cm −3 s −1 n (X ) nX n total nX
where r L is the O(1) fraction of high-L states out of the generated (XX).
D. Cosmological Stability of XX states
There are four processes that might lead to the elimination of XX states, namely:
• Direct self-annihilation of high-L states • De-excitation followed by self-annihilation • Self-destruction through collisions with free X or X particles
• Inverse rearrangement (XX) + → (X ) +X.
We now show that all of these processes are slow enough such that the (XX) has a phenomenologically significant abundance in the galaxy.
Direct self-annihilation
First, we consider direct self-annihilation of the high-L (XX) states. This is highly suppressed due to the large centrifugal barrier preventing the wavefunctions of the X andX from overlapping. Indeed, the self-annihilation rate for the (n, L) state is proportional to |∂ L Ψ| r=0 | 2 , and given by [50] 
The factor f α depends on whether the bound state is C SM -even (para), or C SM -odd (ortho). In the para case, the bound state decays to
In the ortho case, it decays to + − , and so f α = α 2 D /3. The α 2L+3 D dependence comes from the wavefunction suppression in the bound state. This gives a lifetime hierarchically larger than the age of the universe. Note that the same conclusion holds when considering QED corrections to the (XX), with the replacement [51] L → J QED = L + S + J photons , so that the J QED = 30 is cosmologically stable.
De-excitation
The (XX) in the universe can be eliminated by a process of spontaneous de-excitation followed by selfannihilation. This process is suppressed by the need to undergo forbidden transitions. Crucially, the rearrangement process produces highly excited XX states. This is because the typical impact parameter ofX on (X ) is of order 1 α D m r XX Bohr . Consequently, (XX) bound states are produced with L ∈ [0, 30] as can be see from Fig. 3 of [25] at T = T gal = 0.18 E B . The majority of these states are produced with a high angular momentum, as the number of states scales linearly with L. States produced with n > L + 1 de-excite promptly to (L + 1, L) through a cascade of allowed ∆L = 1 transitions with large jumps in n. In contrast, states at (L + 1, L) are stable on cosmological scales, as we check below. Choosing the dark photon mass to satisfy
with ∆L ∼ 5, it is evident that the (L + 1, L) bound states can only de-excite through the highly forbidden ∆L ≥ 6 transition. In the notation of Eq. 5, we have
where f XX < 1 is required in order to have a viable mass range for m D . We can see this is satisfied for states with L > 28, which make out around 20% of all the produced SDDM, i.e. r L = 0.2. The lifetime of the forbidden transition is given by
(24) This approximation is obtained by expanding j ∆L (qr) ∼ (qr) ∆L (2∆L+1)!! around qr ∼ (∆E/2) a 0 n 2 where the overlap integral has maximal support. The ∆L ≥ 6 bottle neck protects the XX from the forbidden transition, with a lifetime of τ forbidden ∼ 10 21 s.
Another possible channel for de-excitation is through the emission of an off-shell A V which goes to two neutrinos by loop-level mixing with the SM Z-boson. The lifetime for this highly suppressed process was estimated in [12] to be larger than 10 41 s.
Self-Destruction
Here we consider the typical time for an XX to collide with a free X orX, lose angular momentum, and become unstable. In particular, if the XX goes to a sufficiently small L small ∼ 10, it can de-excite promptly through a cascade of spontaneous emissions, first to (L small +1, L small ), and then through ∆L = 1 transitions, which are larger than the photon mass below L ∼ 10. When the XX reaches a low enough angular momentum, it self-annihilates promptly. The lifetime of XX in the free X orX plasma is given by
where σ XX scat is cross section for XX to scatter into a state with L < L small , i.e.
In the latter equation, ∆E is the difference in the binding energy of the initial and final state. The form factor F XX can be calculated using: 
for α D = 0.1. The resulting lifetime is then
which is larger than the age of the universe for most of our parameter space.
Inverse Rearrangement
We assume that the cross section for inverse rearrangement σ inv-rear ∼ σ rear . This is close to the unitarity bound and is in line with the full quantum result for the muon system following [52] , where the inverse rearrangement cross section was actually an O(1) smaller. The lifetime for inverse rearrangement is then given by
This is comparable to the age of the universe for our nominal parameters, even if slightly below it.
E. The Galactic Number Density of SDDM
To find the number density of SDDM today we solve the coupled Boltzmann equations for n (XX) and n (X ) , taking into account that n free + n (X ) = n total . These equations are:
We solve these equations numerically, averaged over the galactic profile, to calculate the average SDDM fraction in our galaxy today as a function of m X , under the assumption that the local density of SDDM can be inferred directly from the average fraction and the incoming DM flux. This holds when the SDDM distribution follows the cuspy NFW or the cored Burkert distribution [47] , and so should hold reasonably well for a variety of different SDDM distributions. Nevertheless, the above assumption should be verified in a more robust analysis of galactic dynamics in our setting.
The result of this calculation is used in Fig. 2, where Ω SDDM ∼ 10 −11 − 10 −7 (see top horizontal axis). As we will see in the next Section, despite this incredibly small fraction, the detection of these bound states is possible even with existing data.
VI. DETECTION AT NEUTRINO DETECTORS
Upon its collision with the earth through the dark photon portal, SDDM loses angular momentum, and subsequently self-annihilates into two or more dark photons.
The cross section for collisional de-excitation with SM nuclei is calculated similarly to the (XX) de-excitation from collisions with free X (Eq. 26). In the nucleus case, the cross section is given by:
where F nuc (q) is the Woods-Saxon form factor [62] , and F XX is given in Eq. 27. The resulting unstable (XX) state decays promptly to a number of dark photons A D or A V . For direct detection purposes, we are particularly interested in the process
with a branching ratio of BR(XX) → A V A V ∼ 1/4·1/4, since this decay only happens for 1/4 of the para states, which occur 1/4 of the time (see section V D). This results in two energy depositions with O(m X ) energy, with a mean time difference ∆t = 10ps − 200ns, depending on the dark photon lifetime and boost (see Figure 2 ). Since the original (XX) is slow moving, the dark photons emerge back-to-back, and the SM energy depositions are separated by a distance of β V ∆t ∼ 1 mm − 40 m. The SM energy depositions can be either a dilepton pair or jets. Notably, the initial collision serves merely as a trigger for SDDM self-destruction, and the SM products have O(m X ) energies. Consequently, the only important factor in SDDM detection is the fiducial mass of the detector and the exposure time. This makes the Super-Kamiokande detector ideal for SDDM searches, with a fiducial volume of 50 kton of ultra-pure water.
In the vast majority of our parameter space, the time difference between the decay of the two dark photons is smaller than the 200ns sliding window used in Super-K. The two A V decays will be counted as one single event that is very different from all other decay events in Super-K, with two primary vertices instead of one, separated by ∼ 1 mm−40 m. Since both vertices have similar scintillation energies associated with them, this should result in low maximum-likelihood in the standard reconstruction of the event as a single vertex event. A dedicated analysis will then require a modification of Super-K's event reconstruction algorithm [63, 64] to allow for two primary vertices. Additionally, if both dark photons decay leptonically, there will be exactly two Cherenkov rings of the same kind associated with each vertex, of similar brightness, and so it should be possible to resolve the two primary vertices in the event. These unusual characteristics could be used to conduct a very low background search for SDDM at Super-K.
In Fig. 2 we present the discovery reach for SDDM in Super-K, assuming a signal rate of 100 events/year for mass ratios of m X /m V = 3 (left panel) and m X /m V = 10 (right panel). Additional bounds on our model are:
1. Standard direct detection of DM -nuclear and electron recoil at XENON1T [53] . This bound is shown in Fig. 2 shaded in blue. and for mV = mX /10 (right). The blue shaded region is the bound on free X,X from XENON1T [53] , while the pink shaded region represents the limits on the dark photon V and the darkly charged X via their production in experiments -such as LHCb [54, 55] , KLOE [56] , BABAR [57] , Na48 [58] , and several beam dump experiments [59] ; and also in Supernova 1987a [42] .
In the grey area the decoupling between the two sectors occurs after the QCD phase transition, which is disfavored by N ef f constraints. We see that a potential dedicated analysis at Super-K could probe previously unexplored regions of parameter space. The smoking gun signal in this analysis is two simultaneous energy depositions from the self-destruction of SDDM to back-to-back dark photons, which in turn decay to SM jets or lepton pairs. The blue lines correspond to a 1cm and 40m (the size of Super-K) mean distance between the decay point of the two dark photons. The 40m line also corresponds to a mean time difference of 200 ns at Super-K, indicating that the two energy depositions will count as a single event. The blue and pink bounds are reproduced from [60] and [61] .
2. Bounds on production of X and A V -these bounds are shaded in light red in Fig. 2 . The bounds include SN1987A cooling [42] , LHCb [54, 55] , KLOE [56] , BABAR [57] , Na48 [58] , and several beam dump experiments [59] . The relevant bounds were reproduced from [60] and [61] .
We see that the discovery prospects in the existing data are not currently constrained by any other experiments in a large fraction of the parameter space. This is particularly striking in light of the low values of Ω SDDM depicted in the plot. The reason for this is of course the large volume of the Super-K detector.
VII. OUTLOOK
In this paper we introduced a model of self-destructing DM with a viable cosmological history. The dark sector has a component of mostly symmetric free heavy fermions X,X and a small asymmetric population of light fermions. We assume conservatively that the early universe dynamics leaves all of the free. In the higher density environment of the galaxy, recombination into (X ) atoms is constantly occurring, followed by an atomic rearrangement reaction (X ) +X → (XX) + analogous to muon capture in the SM. The latter process was studied by Fermi and Teller in the '40s, and found to be geometric and adiabatic. Furthermore, the atomic rearrangement process in our model naturally generates high angular momentum (XX), which is our SDDM can-didate.
The high-L (XX) have a lifetime comparable to the age of the universe -they are protected from selfannihilation by virtue of their large angular momentum, and from spontaneous emission due to the mass of the dark photon, which implies highly forbidden radiative transitions.
When incident upon the detector, the (XX) can undergo collisional de-excitation with the nucleus through the dark photon portal, transitioning into an unstable low-L (XX) state. The resulting low-L state is no longer protected by angular momentum, and so it selfannihilates promptly into two or more dark photons, which decay in the detector, leading to striking signals in large volume, high threshold neutrino detectors. For example, this could lead to smoking-gun signatures in the Super-Kamiokande detector, involving simultaneous ± pairs, a macroscopic distance apart. We explore the detection prospects for such a signal in Super-K, and find that it can be discovered in a dedicated analysis of the existing data.
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